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RAD51 RAD51 RecombinaseRecombinase

 Promotes strand invasion &Promotes strand invasion &
exchangeexchange

 Highly conserved in bacteria,Highly conserved in bacteria,
yeast, manyeast, man

 Essential inEssential in  mammalian cellsmammalian cells
((k/ok/o’’s s are embryonic lethal)are embryonic lethal)

 Required for mitotic andRequired for mitotic and
meiotic recombination, DSBRmeiotic recombination, DSBR

 In mammalian cells, RAD51In mammalian cells, RAD51’’ss
activitiesactivities  are controlled byare controlled by
BRCA2BRCA2



Some basic facts about BRCA1 and BRCA2 Some basic facts about BRCA1 and BRCA2 

 BRCA1/BRCA2 mutations predisposeBRCA1/BRCA2 mutations predispose
individuals to cancer at specific sites (breast,individuals to cancer at specific sites (breast,
ovary, pancreas)ovary, pancreas)

 Inheritance of 1 defective allele is sufficientInheritance of 1 defective allele is sufficient
for cancer predispositionfor cancer predisposition

 Tumours Tumours from predisposed individuals showfrom predisposed individuals show
loss of loss of heterozygosityheterozygosity

 Approx 70% of women carrying mutantApprox 70% of women carrying mutant
BRCA1 or BRCA2 alleles will develop cancerBRCA1 or BRCA2 alleles will develop cancer



Chromosome
breaks

Triradials

Quadri-
radials

BRCA2 deletions causeBRCA2 deletions cause::
Spontaneous gross chromosomal rearrangementsSpontaneous gross chromosomal rearrangements
X-ray sensitivityX-ray sensitivity
Recombination deficiencyRecombination deficiency

Genome Instability Associated with MutationsGenome Instability Associated with Mutations
in BRCA1 or BRCA2in BRCA1 or BRCA2

Yu et al.,Yu et al.,  
Genes Dev Genes Dev 20002000



BRCA2 is Associated with the RAD51BRCA2 is Associated with the RAD51
Recombination Repair ProteinRecombination Repair Protein  

BRCA2BRCA2RAD51RAD51 mergemerge

 BRCA2 interacts directly with RAD51BRCA2 interacts directly with RAD51
 BRCA2 BRCA2 colocalises colocalises with RAD51 to DNA-damage inducedwith RAD51 to DNA-damage induced

nuclear focinuclear foci
 BRCA2 is BRCA2 is requiredrequired for the formation of RAD51 foci after for the formation of RAD51 foci after

DNA damageDNA damage



  Identification of Regions of BRCA2 Identification of Regions of BRCA2 
that Interact with RAD51that Interact with RAD51  
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  Identification of Regions of BRCA2 Identification of Regions of BRCA2 
that Interact with RAD51that Interact with RAD51  

BRCA2BRCA2

3418 a.a.3418 a.a.
NLSNLSBRC repeatsBRC repeats

OBOBHelical DomainHelical Domain

 RAD51 binding RAD51 binding

1      2      31      2      3

RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51

 RAD51

GST

GST pull down #9 TR1  TR2  TR3 #9#9

TR1
3189 3274

TR2
3265 3330

TR3
3325 3418



Human 3189 PKWSTPTKDCTSGPYTAQIIPGT-----GNKLLMSSPNCEIYYQSPLSLCMAKRKSVSTPV 3244
Dog 3228 PKLSTPTKDYASEPHTAQIVLGI-----GNKFLMSSPNNEMNYQSPLSLCKPKEKSVPIPG 3283
Rat 3116 PKWSTPNKDPTREPYPASTCSASDLASGG-QLPRSSPTDQQSYRSPLSCCTPTGKSTPLAH 3175
Mouse 3107 SQVSTPNKDPTREPHAASTCCASDLLGSGGQFLRISPTGQQSYQSPLSHCTLKGKSMPLAH 3167

Human 3245 SAQMTSKSCKGE-KEIDDQKNCKKRRALDFLSRLPLPPPVSPICTFVSPAAQKAFQPPRSC 3304
Dog 3284 STQMTSKSYCKEEKEMDDPKTCKKRRALDFLSRVPLPPSVSPICTFVSPAAQKAFQPPRSC 3344
Rat 3176 SAWMAAKSCSGEN-EIEDPKTCRKKRALDLLSRLPLPPPLSPVCTFVSPAAQKAFQPPRSC 3235
Mouse 3168 SAQMAAKSWSGEN-EIDDPKTCRKRRALDFLSRLPLPSPVSPICTFVSPAAQKAFQPPRSC 3227

Human 3305 GTKYETPIKKKELNSPQMTP-FKKFNEISLLESNSIADEELALINTQALLSGSTGEKQFIS 3364
Dog 3345 GTKYETLMKKE-LNSPQMTP--RKFNDLSLLESDSIADEELAMINTQALLLGSPGEHQLVS 3402
Rat 3236 GTKYPTPLKKEGPSSPWSRAPFQKASGVSLLDCDSVADEELALLSTQALVPHSVGGSEQVF 3296
Mouse 3228 GTKYATPIKKE-PSSPRRTP-FQKTSGVSLPDCDSVADEELALLSTQALTPDSVGGNEQAF 3286

Human 3365 VSESTRTAPTSSEDYLRLK-RRCTTSLIKEQESSQASTEECEKNKQDTITTKKYI 3418
Dog 3403 VSDSTRTAPTSSKDYLGLK-RHSTAPGVRGPESPQACTRKREPRVQNTSDLKRTI 3456
Rat 3297 PSDSTRTEGPSASTEARPANRSKRESLRDCRDDSDGKLAA-ETVPDYS------- 3343
Mouse 3287 PGDSTRNPQPAQRPDQQVGPRSRKESLRDCRGDSSEKLAV-ES------------ 3328

; RxL, Cyclin recognition motif 

    ....        ....

  ....              ...     .               ....

....            ... .   ....

....

.... ; (T/S)P, CDK target consensus sequence

S3291S3291

  S3291 of BRCA2 is S3291 of BRCA2 is phosphorylated phosphorylated byby  
Cyclin-dependent kinase Cyclin-dependent kinase ((CDKsCDKs))



Human 3189 PKWSTPTKDCTSGPYTAQIIPGT-----GNKLLMSSPNCEIYYQSPLSLCMAKRKSVSTPV 3244
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Rat 3116 PKWSTPNKDPTREPYPASTCSASDLASGG-QLPRSSPTDQQSYRSPLSCCTPTGKSTPLAH 3175
Mouse 3107 SQVSTPNKDPTREPHAASTCCASDLLGSGGQFLRISPTGQQSYQSPLSHCTLKGKSMPLAH 3167

Human 3245 SAQMTSKSCKGE-KEIDDQKNCKKRRALDFLSRLPLPPPVSPICTFVSPAAQKAFQPPRSC 3304
Dog 3284 STQMTSKSYCKEEKEMDDPKTCKKRRALDFLSRVPLPPSVSPICTFVSPAAQKAFQPPRSC 3344
Rat 3176 SAWMAAKSCSGEN-EIEDPKTCRKKRALDLLSRLPLPPPLSPVCTFVSPAAQKAFQPPRSC 3235
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; RxL, Cyclin recognition motif 

    ....        ....
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....            ... .   ....

....

.... ; (T/S)P, CDK target consensus sequence

S3291S3291

  S3291 of BRCA2 is S3291 of BRCA2 is phosphorylated phosphorylated byby  
Cyclin-dependent kinase Cyclin-dependent kinase ((CDKsCDKs))
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Human 3189 PKWSTPTKDCTSGPYTAQIIPGT-----GNKLLMSSPNCEIYYQSPLSLCMAKRKSVSTPV 3244
Dog 3228 PKLSTPTKDYASEPHTAQIVLGI-----GNKFLMSSPNNEMNYQSPLSLCKPKEKSVPIPG 3283
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Human 3365 VSESTRTAPTSSEDYLRLK-RRCTTSLIKEQESSQASTEECEKNKQDTITTKKYI 3418
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Rat 3297 PSDSTRTEGPSASTEARPANRSKRESLRDCRDDSDGKLAA-ETVPDYS------- 3343
Mouse 3287 PGDSTRNPQPAQRPDQQVGPRSRKESLRDCRGDSSEKLAV-ES------------ 3328

; RxL, Cyclin recognition motif 

    ....        ....

  ....              ...     .               ....

....            ... .   ....
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.... ; (T/S)P, CDK target consensus sequence
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Tumour associated mutationsTumour associated mutations

  S3291 of BRCA2 is S3291 of BRCA2 is phosphorylated phosphorylated byby  
Cyclin-dependent kinase Cyclin-dependent kinase ((CDKsCDKs))
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The BRCA2 S3291E Mutant Fails to InteractThe BRCA2 S3291E Mutant Fails to Interact
 with RAD51 with RAD51

C-terminal wt

RAD51

GST pull down

Ser (S)Ser (S)

RAD51 interaction domain

>>  Glu Glu (E)(E)

wt 1 2 3 4 5 6 7 8 10 14 15 16 18

1
2
3
4
5
6
7
8

10
14
15
16
18



Phosphorylation Phosphorylation of S3291 of BRCA2 Blocksof S3291 of BRCA2 Blocks
Interaction 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RAD51Interaction with RAD51
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Regulation of S3291 Regulation of S3291 Phosphorylation Phosphorylation ofof
BRCA2 Throughout the Cell CycleBRCA2 Throughout the Cell Cycle
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Modulation of S3291 Phosphorylation byModulation of S3291 Phosphorylation by
Radiation Treatment and Cell CycleRadiation Treatment and Cell Cycle
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Model for the Control of RAD51 by BRCA2Model for the Control of RAD51 by BRCA2

BRC repeatsBRC repeats

ssDNA ssDNA bindingbindingRAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51

P

ATM
CHK2---CDC25

p53---p21

CDK inhibition 



Model for the Control of RAD51 by BRCA2Model for the Control of RAD51 by BRCA2

BRC repeatsBRC repeats

ssDNA ssDNA bindingbindingRAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51RAD51 RAD51RAD51

Initiation of
recombination

ATM
CHK2---CDC25

p53---p21

CDK inhibition 



ChromosomeChromosome
RearrangementsRearrangements

Defective Homologous Recombination Defective Homologous Recombination 
Leads to Chromosomal InstabilityLeads to Chromosomal Instability

xx

Inaccurate repair by
non-homologous end-joining
will fuse ends from different
chromosomes



Photograph courtesy of Joanne Davidson & Paul Edwards (Cambridge)

CAPAN-1CAPAN-1
(BRCA2(BRCA2-/tr-/tr))



Holliday Junction Resolution in Human CellsHolliday Junction Resolution in Human Cells

1990:1990:
HJ HJ resolvase resolvase activity detected in extractsactivity detected in extracts

The activity fits The activity fits E. coliE. coli  RuvC RuvC paradigmparadigm
•• Holliday junction specific Holliday junction specific
•• Symmetric cleavage Symmetric cleavage
••  Ligatable Ligatable nicksnicks

2004:2004:
Resolvase Resolvase activity shown to be dependentactivity shown to be dependent
upon the RAD51C and XRCC3 proteins upon the RAD51C and XRCC3 proteins 
(2 of the 5 RAD51 (2 of the 5 RAD51 paralogsparalogs))3-D structure of a HJ3-D structure of a HJ

[[Eichman Eichman et al 2000]et al 2000]



Holliday junctionHolliday junction

branchbranch
migrationmigration

Extension of Extension of heteroduplexheteroduplex

RuvABRuvAB

resolutionresolution

Nicked duplexNicked duplex
productsproducts

RuvCRuvC

Holliday Junction Processing in Holliday Junction Processing in E. coliE. coli



Activities from Human Cells Promote ReactionsActivities from Human Cells Promote Reactions
Similar to those Catalyzed by Similar to those Catalyzed by E. coliE. coli  RuvABCRuvABC
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Purification of the Human HJ Purification of the Human HJ ResolvasomeResolvasome
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Resolvase activity can be immunodepleted
using RAD51C antibodies



  RAD51RAD5137 37 kDakDa

38 38 kDakDa  RAD51B  RAD51B 

42 42 kDakDa RAD51CRAD51C

31 31 kDakDa  RAD51D  RAD51D 

32 32 kDakDa  XRCC2  XRCC2 

ATP binding motifATP binding motif

38 38 kDakDa  XRCC3 XRCC3

RAD51CRAD51C  isis  One Member of a FamilyOne Member of a Family  ofof  ProteinsProteins
Known asKnown as the the  RAD51 RAD51 ‘‘paralogsparalogs’’

19801980’’ss
Hamster (CHO)Hamster (CHO)
X-rayX-raySS  cell linescell lines

19901990’’ss
SequenceSequence
gazinggazing……..



RAD51CRAD51C  isis  One Member of a FamilyOne Member of a Family  ofof  ProteinsProteins
Known asKnown as the the  RAD51 RAD51 ‘‘paralogsparalogs’’

Mouse RAD51 paralog k/o’s are embryonic lethal

Mutant chicken & hamster cell lines exhibit HR deficiency:

accumulate spontaneous chromosomal breaks

sensitive to mitomycin C, IR etc

defective in targeted integration

defective in IR-induced RAD51 focus formation
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Biochemical Evidence for a Late RoleBiochemical Evidence for a Late Role
for RAD51C-XRCC3 in HRfor RAD51C-XRCC3 in HR

 RAD51C is found in highly purified resolvase fractions

 RAD51C depletion causes a loss of both branch
migration and resolution activity

 Full complementation can be achieved by addition of
purified protein complexes containing RAD51C

 irs3 (RAD51C-) and irs1SF (XRCC3-) extracts contain
severely reduced resolvase activity

 RAD51C-XRCC3 complex binds HJs in vitro


